The bulk geochemistry of the nonbiogenic fraction of 70 samples from Ocean Drilling Program Site 918 in the Irminger Basin was determined by X-ray fluorescence. These data enabled the reconstruction of several aspects of Cenozoic paleoenvironmental evolution. By means of chemical stratigraphic analysis of the bulk sediments, seven major geochemical stages were identified and correlated with the significant lithologic units. The chemical compositions of the geochemical stages were basically controlled by differences in source area (volcanic/plutonic) and the degree of source area weathering. Important elements for characterizing source rock lithology are iron and sodium, whereas those for intensity of weathering are sodium, calcium, and potassium. The sodium-ferric iron ratio and potassium-calcium ratio provide useful indexes for the degree of the plutonic input and source area weathering, respectively.
INTRODUCTION
During Ocean Drilling Program (ODP) Leg 152, a 1200-m-thick sedimentary section ranging from the Eocene to Quaternary was drilled at Site 918 on the East Greenland Continental Rise. This was the first deep drilling conducted on the southeast Greenland Margin. These sediments give a detailed chronology of oceanographic and climatological events in the North Atlantic, including the discovery that glaciation began in southeast Greenland as early as 7 Ma (Larsen et al., 1994) , far earlier than previously thought (no older than late Pliocene: Shackleton et al., 1984; Funder, 1989) . This glaciation was preceded by an influx of cold North Atlantic Deep Water (NADW) into the Irminger Basin during the middle Miocene (Larsen, Saunders, Clift, et al., 1994) .
The aim of this study is to reconstruct paleoenvironmental conditions in the Irminger Basin during the Cenozoic by using bulk geochemical data from the nonbiogenic fraction of sediments. These analyses provide information about the provenance of the sediments relating to the history of volcanism, weathering, erosion, and sediment supply. These kinds of investigations have already been applied to a large number of Deep Sea Drilling Project and ODP sites. Paleoenvironmental studies in the northern Atlantic have been conducted using microfossil assemblages, isotopes, ice-rafted debris (IRD), heavy mineralogy, and clay mineralogy by ODP Legs 104, 151, 152, and 162 (Eldholm, Thiede, Taylor, et al., 1989; Myhre, Thiede, Firth, et al., 1995; Larsen, Saunders, Clift, et al., 1994) . Although there are many clay mineralogical studies of terrigenous material to reconstruct paleoclimatology (e.g., Krissek, 1989; Froget et al., 1989; Holmes, this volume; Heiden and Holmes, this volume) , only a few attempts to study the bulk geochemistry of sediments have been made. This study focuses on the bulk geochemistry of the nonbiogenic fraction of sediments to reveal changes in composition and to reconstruct environments in the provenance areas since Eocene time.
ANALYTICAL METHODS AND MATERIALS
Site 918 is particularly good for this type of study because shelf sites are too proximal to Greenland and Site 918 produced the best information on the timing of IRD. More than 70 samples of sand and sandy silt from Site 918 were analyzed with X-ray fluorescence (XRF). The sampling interval was approximately one sample per core. The samples were ground in an agate mortar to minimize contamination. Biogenic and detrital carbonate components were removed from these samples by treatment with 4 mol/L of acetic acid for major element analysis. H 2 O -and loss on ignition (LOI) were determined by a gravimetric method. Fusion beads were prepared from 0.4 ± 0.0002 g (dried at 950°C overnight) and 4 ± 0.002 g Li-tetraborate for major element analysis. Pressed powder pellets were prepared from about 4 g with a vinyl chloride ring for trace element analysis. XRF analyses were performed with a Rigaku Model 3270 in the Ocean Research Institute, University of Tokyo. These analyses gave 10 major elements (SiO 2 , TiO 2 , Al 2 O 3 , Fe 2 O 3 , MnO, MgO, CaO, Na 2 O, K 2 O, and P 2 O 5 ) and nine trace elements (Rb, Sr, Zr, Nb, Y, Th, Pb, Ni, and Ba) . Major element data are considered accurate between 1% and 5%, whereas trace element accuracy varies from 2% to 10%.
GENERAL LITHOSTRATIGRAPHY AND AGE CONTROL AT SITE 918
Site 918 is located on the upper continental rise off Southeast Greenland (Fig. 1) , and the 1200-m-thick sedimentary sequence recovered there is divided into five lithologic units overlying weathered basaltic basement (Fig. 2) . The lithostratigraphy of Site 918 is described in detail by Larsen, Saunders, Clift, et al. (1994) . The age assignments for this sequence are from Wei (this volume).
Lithologic Unit I (0−600.0 meters below seafloor [mbsf] ) is an upper Miocene to Holocene dominantly dark gray silt, with volcanogenic and continental components. It is divided into five subunits on the basis of the presence of turbidites, the occurrence of a high concentration of IRD and dropstones, a decrease in the concentration of dropstones, and the absence of IRD and dropstones. Subunits IA, IB, IC, ID, and IE are composed of interbedded sand with silt and IRD, interbedded turbidites with silt and IRD, silt enriched in IRD, silt with IRD, and silt, respectively. Lithologic Unit II (600.0−806.5 mbsf) is composed of lower to upper Miocene nannofossil chalk and silt, moderately to heavily burrowed. Frequent micritic and glauconitic hardgrounds occur at the base and top of the unit. The silt beds contain a mixed suite of minerals such as quartz, feldspar, hornblende, and pyroxene derived from both volcanic and continental terranes. Lithologic Unit III (806.5−1108.2 mbsf) comprises upper Oligocene to lower Miocene sand, silt and nannofossil chalk, and is divided into two subunits. The upper Subunit IIIA comprises interbeds of thin, massive, or laminated sand beds with frequent silt and nannofossil chalk beds. The lower Subunit IIIB comprises massive, quartzrich turbidite sands, which are intermittently heavily bioturbated. Dolomite is a common constituent in Subunit IIIB, and there is an increase in the glauconitic component downcore. Lithologic Unit IV (1108.2−1157.9 mbsf) comprises middle Eocene interbeds of nannofossil chalk and volcaniclastic silt with nannofossils. Lithologic Unit V (1157.9−1189.4 mbsf) consists of lower Eocene glauconitic, volcaniclastic sandy silt with interbedded horizons of calcareous sand.
RESULTS
Analytical data of the major and trace elements are shown in the Appendix. Contents of major elements are plotted as a function of silica contents for all samples in Figure 3 . Titanium, aluminum, ferric iron, magnesium, and phosphorus (on the left side in Fig. 3) show a clear decreasing trend as silica increases. Manganese, calcium, sodium, and potassium (on the right side in Fig. 3) , however, show a nonlinear trend. The chemical variations imply that these four elements are sensitive to various paleoenvironmental factors. Diagenesis is a minor factor throughout the Site 918 sedimentary sequence (Larsen, Saunders, Clift, et al., 1994) .
Depth profiles of the representative elements are shown in Figure  4 . Titanium and ferric iron, which show a simple decreasing trend with increasing silica, basically show this reverse pattern through the Eocene to Holocene (Fig. 4) . Profiles of elements such as manganese, calcium, sodium, and potassium (which have a nonlinear trend in Fig.  3 ) show specific trends with depth (Fig. 4) . These trends are independent of the trend of silica content.
Seven geochemical stages are distinguished from the variation of the composition of the elements (Table 1) . Important elements for geochemical stage classification are iron, calcium, sodium, and potassium. Basically, the chemical profile of potassium shows the opposite trend of calcium, and the profile of ferric iron shows the opposite trend of sodium (Fig. 4) Seismic unit boundaries between 4A and 4B, 4 and 5, and 5A and 5B are also correlated to significant lithologic boundaries (Larsen, Saunders, Clift, et al., 1994) . The boundary between seismic Subunits 5A and 5B is correlated with the last occurrence of massive siliciclastic turbidites in lithologic Unit III. The boundary between seismic Units 4 and 5 is correlated with a rapid decrease of nannofossil chalk in the lower part of lithologic Unit II. The boundary between seismic Subunits 4A and 4B is correlated with a rapid decrease of nannofossil chalk in the upper part of lithologic Unit II. The most remarkable characteristic is that manganese, sodium, and calcium decrease downsection at about 550 mbsf, while potassium increases downsection. Trace elements such as rubidium, thorium, and lead show the same trend as potassium. This horizon is the most remarkable chemical shift from the Eocene through the Holocene.
PROVENANCE INTERPRETATION BASED ON GEOCHEMISTRY
Geochemical profiles of nonbiogenic fractions at Site 918 show several consistent compositional changes. The reconstruction of paleoenvironments on the basis of geochemical data requires a knowledge of the flux of volcanic, ice-rafted, and turbiditic materials. For this discussion, all possible origins and the significance of the sediments were considered in Larsen, Saunders, Clift, et al. (1994) .
The abundance of sodium-rich feldspar is generally influenced by the composition of plutonic input (Vallier et al., this volume) . Additionally, the variations of the contents of sodium and ferric iron show opposite trends throughout Site 918. Geochemical Stages 4 and 7 are characterized by low-Na and high-Fe due to a high degree of volcanic contribution rather than plutonic input (Vallier et al., this volume) . Therefore, the depth profile of the sodium-ferric iron ratio can be treated as one of the indices for the degree of the plutonic input.
The value of the sodium-ferric iron ratio at Site 918 changes significantly due to geochemical stages (Fig. 5A ). The trend is generally characterized by a higher value for Geochemical Stages 1 and 6, a transitional value for Geochemical Stages 2 and 5, an intermediate value for Geochemical Stage 3, and a lower value for Geochemical Stages 4 and 7. The higher values in Geochemical Stages 1 and 6 coincide with the plutonic input by IRD and turbidites, respectively. The sediments in Geochemical Stage 3, the mixture of terrigenous and volcaniclastic components, show an intermediate value of sodium-ferric iron ratio. Geochemical Stages 4 and 7, which is the volcaniclastic series, generally show a lower sodium-ferric iron ratio.
Sodium and calcium are typically mobile elements in weathering, whereas potassium is a relatively stable element in weathering and is typically added to sediments during transport and deposition. Therefore, sodium, calcium, and potassium are most useful in characteriz- N o r th S e a ing the provenance of the sediments (Nesbitt and Young, 1982; Harnois, 1988) . Potassium and calcium especially show opposite behavior throughout Site 918. The potassium-calcium ratio is one of the indices for the degree of weathering in addition to the CIA (chemical index of alteration; Nesbitt and Young, 1982) . The potassium-calcium ratio at Site 918 changes significantly through the geochemical stages (Fig. 5B ). The trend is generally characterized by a lower value for geochemical Stages 1 and 4, a transitional value for geochemical Stages 2 and 5, and higher values for geochemical Stages 3, 6, and 7 (which suggest a high degree of weathering). Sharply lower potassium-calcium ratios characterize the lowermost part of geochemical Stage 2 (corresponding to the horizon of oldest dropstones; Larsen et al., 1994) and sediments in geochemical Stages 1 and 2 (mainly composed of immature glaciomarine sediments with IRD). The sediments in geochemical Stage 3 (the mixture of turbidites and volcaniclastic components) show a higher potassium-calcium ratio. The beginning of the development of NADW is correlated with the occurrence of poorly sorted sand layers in the lowermost part of geochemical Stage 3 (Larsen, Saunders, Clift, et al., 1994) . The sediments in geochemical Stage 4 (a mixture of volcaniclastic components and nannofossil chalk without turbidites) show a lower potassium-calcium ratio. Geochemical Stage 6 is the terrigenous turbidite series, which shows a higher potassium-calcium ratio. Geochemical Stage 7, the volcaniclastic series, generally shows a higher potassium-calcium ratio except for two samples. Figure 6A shows the variation of the potassium-calcium ratio as a function of the sodium-ferric iron ratio for all samples. In this diagram, the sodium-ferric iron ratio of volcaniclastics is generally low.
Siliciclastic sediments show a high sodium-ferric iron ratio. The IRD and turbidites are clearly separated in this diagram. IRD is calciumrich, whereas turbidites are potassium-rich. Figure 6B shows the variation of the sodium-potassium ratio with increasing silica for all samples. In this diagram, the sodium-potassium ratio of volcaniclastic sediments is generally low and rapidly decreases with increasing silica. On the other hand, quartz-rich siliciclastic sediments show a high sodium-potassium ratio, and it increases with increasing silica content. Therefore, it is possible to distinguish nonvolcanic from volcaniclastic sediments. IRD and turbidites are clearly separated in this diagram. IRD is sodium-rich, whereas turbidites are potassium-rich.
The compositional differences between the IRD and turbidites are also supported by other data. Vallier et al. (this volume) discuss the compositional variation of heavy minerals from coarse fractions. Paleogene turbidites are mainly composed of plutonic minerals with volcanic and metamorphic minerals, whereas the IRD is a mixture of volcanic and plutonic components. The composition of dropstones suggests that the main volcanic component of the IRD is basalts from the North Atlantic Volcanic Province (Larsen, Saunders, Clift, et al., 1994) . Basalt is the largest component (33.2%) of the dropstones (Larsen, Saunders, Clift, et al., 1994) . The large occurrence of basaltic fragments in the IRD above 550 mbsf is one of the factors in the chemical differences, such as the enrichment of calcium and manganese.
The chemical differences between the IRD and turbidites are explained not only by the compositional difference but also by the sediment supply process. Ice-rafting does not involve source area weath- 
SUMMARY
The sedimentary record at Site 918 of the East Greenland Continental Margin is a fascinating succession that furthers our understanding of how geochemical and sedimentary data respond to paleoenvironmental change. This paper shows clearly how the bulk geochemistry of sediments can be used to characterize the distribution of both weathered components transported by turbidity currents and unweathered IRD. It can also be used to compare these distributions with the general evolutionary stages of the northern Atlantic region.
The sedimentary sequence at Site 918 is divided into seven geochemical stages using bulk geochemistry profiles, especially those of iron, manganese, calcium, sodium, and potassium. The stage boundaries are correlated with the significant lithologic boundaries. Provenances are divided into four types with respect to lithology and geochemistry (Table 1) , namely weathered volcaniclastic sediments (Paleogene), fresh volcaniclastic sediments (Neogene), mature turbidites, and immature IRD. Differences in source areas (volcanic/ plutonic) and in erosional (mechanical/chemical) and transport processes mainly control the sediment chemistry.
IRD and turbidites are clearly separated using sodium, calcium, and potassium ratios. The chemical difference between IRD and turbidites is explained by the difference between mechanical erosion by ice sheet and chemical weathering on land. The mechanical erosion preserves the mobile elements such as sodium and calcium. Potassium in turbidites was fixed or recycled from basement rocks with paleosols, whereas sodium was removed during weathering and transportation. The potassium-calcium and sodium-potassium ratios can be used to characterize the degree of weathering of the provenance region. Figure 7 summarizes the sedimentary evolution of the East Greenland Margin. Eocene sediments are derived from a weathered basaltic region. The upper Oligocene to lowermost Oligocene is characterized by continental input. Volcanic input began during the early Miocene. Continental supply became dominant again during the middle Miocene, which coincides with the development of modern NADW. Major chemical shifts occurred at about 7 Ma, which coincides with the first occurrence of dropstones. Sodium, manganese, and calcium contents decrease downsection, whereas potassium contents increase at this point in the sequence. 
APPENDIX Analytical Chemical Data from Site 918
Note: LOI = loss on ignition. 
